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Abstract Estuarine intertidal areas are shaped by combined astronomical and meteorological forces.
This paper reveals the relative importance of tide, surge, wind, and waves for the ﬂow and sediment
transport on large intertidal shoals. Results of an intensive ﬁeld campaign have been used to validate a
numerical model of the Roggenplaat intertidal shoal in the Eastern Scheldt Estuary, the Netherlands, in
order to identify and quantify the importance of each of the processes over time and space. We show that
its main tidal creeks are not the cause for the dominant direction of the net ﬂow on the shoal. The tidal ﬂow
over the shoal is steered by the water level diﬀerences between the surrounding channels. Also during wind
events, the tidal ﬂow (enhanced by surge) is dominant in the creeks. In contrast, wind speeds of order 40
times the typical tidal ﬂow velocity are suﬃcient to completely alter the ﬂow direction and magnitude on
an intertidal shoal. This has signiﬁcant consequences for the sediment transport patterns. Apart from this
wind-driven ﬂow dominance during these events, the wind also increases the bed shear stress by waves.
For the largest intertidal part of the Roggenplaat, only ∼1–10% of the yearly transport results from the 50%
least windy tides, even if the shoal is artiﬁcially lowered half the tidal range. This dominance of energetic
meteorological conditions in the transports matches with ﬁeld observations, in which the migration of the
creeks and high parts of the shoal are in line with the predominant wind direction.
1. Introduction
Estuarine intertidal shoals are shaped by a combination of diﬀerent hydrodynamic forces that vary signiﬁ-
cantly over time and space. Tidal forcing is generally considered as the most important process for intertidal
areas, as it imposes variations in water level and velocity (Le Hir et al., 2000). Wind induces a setup or set-
down of the water level, a local shear at the surface, and surface waves. All these eﬀects modify the ﬂow and
sediment transport rates and are especially eﬀective for (very) shallow water conditions (Green & Coco, 2014;
Shi et al., 2017; Talke & Stacey, 2008). Furthermore, bathymetric variations on the intertidal ﬂat and the geom-
etry of the surrounding channels also inﬂuence the hydrodynamics. So far, it has been studied insuﬃciently
to what extent each of these mechanisms is dominant for the hydrodynamics and sediment transport of
intertidal shoals surrounded by channels.
Intertidal areas can be attached to the shore (fringing ﬂats). For example, the Chongming inter-
tidal ﬂats in the Yangtze Estuary, China (Yang et al., 2001; Zhu et al., 2017), the ﬂats in San
Francisco Bay, United States (Talke & Stacey, 2008; Van der Wegen M. et al., 2017), and Baie de
Marennes-Oléron, France (Bassoullet et al., 2000; Le Hir et al., 2000). The attachment to the shore
has signiﬁcant consequences for the tidal ﬂow. Especially cross-shore ﬂows are limited by the closed
boundary. Those limitations of the ﬂow do not exist for intertidal shoals surrounded by chan-
nels, as the water could theoretically ﬂow in any direction. Intertidal shoals are found in estuar-
ies worldwide like the Eastern Scheldt and Western Scheldt, the Netherlands (De Vet, van Prooijen,
&Wang, 2017; VandenBerg, 1984; VandenBerg et al., 1996), Yangtze Estuary, China (Gao et al., 2010;Wei et al.,
2016), Wadden Sea, the Netherlands (Elias et al., 2012), and Columbia River Estuary, United States (Sherwood
et al., 1990). Intertidal shoals surrounded by channels have not been measured as often as fringing ﬂats,
possibly because intertidal shoals surrounded by channels are more diﬃcult to access.
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There is a growing need for deeper understanding of the hydrodynamics and sediment transport on inter-
tidal shoals, as these areas provide a high ecological value (Smaal & Nienhuis, 1992) and support important
ecosystem services (Barbier et al., 2011). To understand the shoals surrounded by channels, complex models,
covering the full geometry of the intertidal shoal and its surroundings, need to be applied (Lettmann et al.,
2009; Luan et al., 2017). Despite the geometrical diﬀerenceswith fringing ﬂats, the insights on intertidal shoals
also beneﬁt the understanding of intertidal areas in general.
However, the processes relevant for intertidal shoals surrounded by channels are not always well resolved.
Even in recentmodeling studies on themorphodynamics of estuarine shoals, wind, andwaves are not always
included (e.g., Dam et al., 2016; Van de Lageweg & Feldman, 2018). The inclusion of these processes adds
complexity and demands large computational power if the full wind climate and nonidealized geometry are
considered (e.g., 118 computational cores in the studyof Becherer et al., 2018). Also, (very) high resolutiondata
(in theorder of 10m) areneeded to capture the small-scale bathymetry features like local elevationdiﬀerences
and tidal creeks. Such tidal creeks are an essential part of the (de)watering system of intertidal areas and are
ecologically valuable (Mallin & Lewitus, 2004). Eisma (1998) provided a classiﬁcation of tidal creeks. In many
cases, tidal creeks are connected to marsh channels, but a presence of a marsh is not a requirement for the
existence of a tidal creek. Although tidal creeks are no full cross-connecting channels, they have similarities.
Just as cross-connecting channels (Swinkels et al., 2009), tidal creeks can be aﬀected by ﬂows induced by
water level gradients between the surrounding channels (Van den Berg, 1986).
This study identiﬁes and assesses the relative importance of the tide, surge, wind, andwaves for hydrodynam-
ics and sediment transport on intertidal shoals surrounded by channels. Furthermore, we identify to what
extent the ﬂow patterns on such a shoal are driven by its local elevation diﬀerences, its tidal creeks, and its
surrounding channels. The Roggenplaat, a shoal in the Eastern Scheldt in the Netherlands, is considered as a
case.We combine an extensive ﬁeld campaign, containing 16AcousticDoppler Current Proﬁlers (ADCPs), with
a numerical model. Instead of modeling the long-term evolution with a prerequisite low resolution, we use a
high-resolution (grid size 30 m) model schematization to unravel the hydrodynamic and sediment transport
processes from a single tide to a full year. We use elevation data with a high horizontal resolution (< 10 m)
such that also the major creeks are well resolved. The diﬀerent contributions of the processes are unraveled
by systematically switching on and oﬀ speciﬁc processes in the simulations. First, the focus is on the implica-
tions on the hydrodynamics. Second, the implications on the sediment transport rates are considered. Finally,
the results are extended toward general indicators for intertidal shoals.
2. Methodology
2.1. Description of Roggenplaat Intertidal Shoal
The Roggenplaat, located in the southwest of the Netherlands in the Eastern Scheldt basin (Figure 1a), is an
example of a major intertidal shoal surrounded by channels. With an intertidal surface area of 14.6 million
m2, it is the largest intertidal shoal of the Eastern Scheldt. The Roggenplaat is a valuable case to analyze the
importance of the diﬀerent processes, as an extensive data set on morphology and hydrodynamics exists.
Two channels surround the shoal; the northern channel is substantially longer and deeper than the southern
one (Figure 1f ). The Eastern Scheldt is characterized by a typical tidal range of 2.5 m near the mouth, which
ampliﬁes up to3.5m in the southeast branchof thebasin (DeVet, vanProoijen, &Wang, 2017). As thebranches
of the estuary are closed, there is no river inﬂow. Around the Roggenplaat, MLW (Mean Low Water) equals
MSL-1.2m (MSL =Mean Sea level) andMHW (Mean HighWater) equals MSL+1.3m. The surge within this area
is 50% of the time between−0.11 and +0.14 m but can extend for severe storms to −1 or +1.5 m (2015 data).
Typically, the timescale of such an intense surge is 1 day. The shoal is sandy with a median sediment grain
size of 210 ± 2.5 μm (n = 150), with less than 5% silt (<63 μm) at most locations. Oyster patches (Crassostrea
gigas) cover 3% (45 ha) of the Roggenplaat. Around these patches more silty sediments are found. After the
completion of the storm surge barrier (SSB in Figure 1) and the closure of the branches of the estuary in 1986,
the previously accreting Roggenplaat faced severe erosion due to reduced tidal ﬂow within the estuary (De
Vet, van Prooijen, &Wang, 2017; Louters et al., 1998). This is a possible threat to the nature value of this Natura
2000 estuary (Ostermann, 1998).
Figure 2 indicates the changes in the geometry of the Roggenplaat complex over past centuries. Around1827,
the complex consisted of various individual intertidal shoals. These smaller intertidal shoals merged into a
smaller number of larger intertidal shoals. A similar merging also occurred for the intertidal areas in theWest-
ern Scheldt Estuary (Cleveringa & Taal, 2015). With the merging, the complex of ﬂats evolved into two major
intertidal areas divided by amajor tidal channel: the Roggenplaat and Neeltje Jans. The southern edge of the
Roggenplaat faced a 5 to 10 m/year northward retreat, which is still observed in recent years. The two major
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Figure 1. An overview of the Eastern Scheldt is provided in (a) with an indication of the storm surge barrier (SSB),
Zeeland Bridge (ZB), wave rider (WR), wind station (WI), and Roggenplaat (red box). The wind rose for 2015 as measured
at WI is visualized in (b), and the wave rose for March–December 2015 as measured at WR in (c). An aerial picture of
2014 (courtesy of Cyclomedia) of the Roggenplaat is shown in (d). In (e) the 2013 bathymetric data of the Roggenplaat
are visualized with respect to MSL, based on single beam and LiDAR data (source: Rijkswaterstaat). Contour lines are
indicated every 0.5 m over the vertical. The locations of the 16 measurement stations (a–p) are marked of which all
stations included an Acoustic Doppler Current Proﬁler measuring ﬂow (F) and some stations also included a wave logger
(F + W). In (f ) the bathymetric data are visualized again but now with a color scale focusing on the bathymetry of the
surrounding channels. The mentioned distances in (f ) indicate the length of the channels along the dashed lines.
tidal creeks of the Roggenplaat, both orientated toward the NW, are former channels which were the division
between the diﬀerent areas of the Roggenplaat complex (Van den Berg, 1984). Figure 2 indicates that the
tidal creeksmoved in NE direction while decreasing in length. Despite the dynamic historical evolution of the
Roggenplaat and the decreased depth and discharge in its creeks (Nio et al., 1980), the creeks still exist and
their orientation remained directed toward the NW.
The more recent evolution of the elevation of the Roggenplaat is shown in Figure 3. A clear lowering of the
high ridges of the Roggenplaat is visible, in contrast to the accretion before the construction of the barrier
(Louters et al., 1998).While lowering, they propagated inN/NEdirection, indicatedby erosion on the stoss side
Figure 2. Evolution of the mean low water contour lines of the Roggenplaat complex from 1827 to 2013. Both
Roggenplaat (RPL) and Neeltje Jans (NJ) intertidal areas are shown as they were part of the same complex in the past.
Contour lines are digitalized based on historical maps (Haring, 1947; Van den Berg, 1986) and for 2013 based on single
beam and LiDAR measurements (Marijs & Paree, 2004; Wiegmann et al., 2005). Not all years with data availability are
shown to ensure readability. The arrows mark (1) the division between the Roggenplaat and Neeltje Jans, (2) the retreat
of the southern edge of the Roggenplaat, and (3) the propagation of the eastern creek.
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Figure 3. Bathymetry of the Roggenplaat in (a) 2001 and (b) 2013, based on single beam and LiDAR data with respect to
mean sea level. The dashed contour lines of the bathymetry of 2001 are also shown in (b) to allow for a comparison
between both years. The arrows in (b) indicate the main retreat direction at these locations.
and accretion at the lee side (in addition to a net sand loss). The high ridges in the south are partly covered
with dead cockle shells (white patches in the aerial picture of Figure 1d), which faced a similar N/NE propaga-
tion pattern over recent years. Currently, the eastern creek is the largest tidal creek of the shoal, with a width
exceeding 100 m and an average depth of around 5 m.
2.2. Numerical Model Setup
A numerical model schematization is set up with the package Delft3D (Lesser et al., 2004). The diﬀerences in
the hydrodynamics between three-dimensional simulations and depth-averaged simulations were small for
this case: the diﬀerent physical processes considered in this study have orders of magnitude larger eﬀects on
the residual ﬂow than the errors introduced by the depth-averaged approach. Therefore, the depth-averaged
approach is followed in line with prior studies of intertidal areas (e.g., Gong et al., 2012; Le Hir et al., 2000).
Themodel domain extends from the storm surge barrier to the Zeeland Bridge, both indicated in Figure 1a. In
Figure 4 the computational grid is shown. Discharges are prescribed on the boundary segments at the storm
surge barrier, whereas weakly reﬂective Riemann invariants (combination of water levels and velocities) are
prescribedon theboundary at theZeelandBridge. Themodel is forcedon theseboundarieswith time series of
2015 derived from a nesting procedure in amodel covering the full Eastern Scheldt and its outer delta, which
is coupled to an even larger model covering a large part of the North Sea (the DCSMv6-ZUNOv4-Kf model
schematization; Zijl et al., 2015, 2013). The year 2015was a representative year for the localwind climate. Some
simulations intentionally did not include surge; the surge in those cases was removed from the boundary
conditions by considering only astronomical components with harmonic analysis.
The intertidal area of the Roggenplaat is captured with a model grid size of ≈30 m (Figure 4). A
simulation with a ﬁner grid size of ≈10 m gave very similar results in hydrodynamics (up to a few
centimeter per second diﬀerences in the area of interest), which indicates that the ≈30 m resolution
is suﬃcient for this study (and favorable because of approximately 27 times smaller computational
times). The bathymetry on the shoal is based on LiDAR (LIght Detection And Ranging) data of 2013,
and multibeam data of 2015 were used in the two major tidal creeks. For the rest of the domain, the
Figure 4. Visualization of the computational grid. One percent of the grid
lines are shown to ensure readability. The colors indicate the grid resolution,
represented by the square root of the grid cell surface. The boundary
containing Riemann segments is marked with R; the boundaries containing
discharge segments are marked with Q. The contours of the Roggenplaat
are shown as a reference in red.
Vaklodingen data set of 2013 was used, which is a combination of sin-
gle beammeasurements and LiDAR data (Marijs & Paree, 2004; Wiegmann
et al., 2005). A uniform Manning roughness of 0.022 s/m1∕3 was applied
over the full domain, which resulted in ﬂow velocitiesmost in line with the
observations. For simulations that include sediment transport, the VanRijn
(2007a; 2007b) transport model was used with a median sediment grain
size of 210 μm (based on ﬁeld observations).
To assess the importance of waves, a stationary SWAN wave model (2017
version: 41.10; Booij et al., 1999) was coupled to the Delft3D ﬂowmodel at
an interval of 30 min. The wave forces, based on the wave energy dissipa-
tion rate, are included in themomentumequationsof theﬂowmodel. Also,
the bed shear stresses in the ﬂow model are enhanced by the waves. Two
modiﬁcations to the default settings were made to achieve decent results
in shallow regions. First, instead of using a constant gamma value (maxi-
mum wave height to depth ratio), the 𝛽-kd model (Salmon & Holthuijsen,
2015; Salmon et al., 2015) was used, which improved depth-induced wave
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Figure 5. Modeled ﬂow velocity magnitudes compared to measured ﬂow velocity magnitudes for stations a–p
(subﬁgure letters correspond to station names in Figure 1e). In (q) the biases (modeled minus observed) for the
magnitude and direction of each station are shown. In (r) the root-mean-square deviations (RMSD) between the model
results and measurements are presented. All processes (including wind and waves) were enabled in this simulation.
breaking by taking the bottom slope and the normalized wave number into account. This implies a gamma
value smaller than 0.73 (minimal 0.54 in this formulation) for mild sloping beds, in line with observations on
intertidal areas (e.g., Le Hir et al., 2000). Second, the Madsen roughness model (Madsen et al., 1989) with a 5
cm roughness length scale was applied uniformly over the domain.
2.3. Comparison Between Model Predictions and Field Measurements
Over 1 month (February/March 2015), 16 ADCPs were simultaneously employed in upward looking mode to
provide ﬂow velocity measurements on the intertidal shoal. The instruments were placed in four transects as
indicated in Figure 1e. Every 10 min, ﬂow velocities were measured and averaged over periods of 400 s with
10 cm bin sizes and blanking. In this study, the ADCP measurements were used to validate the model. No
detailed analysis of the time series is provided here.
Themodel is compared to the ﬂow velocity measurements in Figure 5. Themodel results are relatively well in
line with the measurements; the absolute bias in the magnitude of the velocities is at most 3.5 cm/s, and the
absolute bias in direction is less than 14∘. The root-mean-squared deviations range between 3.5–7 cm/s and
6–39∘. Some local deviations are unavoidable, as real-world spatial irregularities in bed roughness (e.g., due
to oyster reef patches that cover part of the shoal) are too complex to take into account and outside the scope
of this paper. A variation in various model parameters (e.g., bed roughness and background horizontal eddy
viscosity) did not result in better results. Given the relatively small model domain, the quality of the boundary
conditions and the high-resolution bathymetric data proved fundamental to describe the ﬂow over the shoal
accurately.
Even though extensive ﬁeld measurements are available for the validation of the model, the validation
of individual processes is only possible up to a limited extent. The correlation between the wind and
the wind-driven waves (Le Hir et al., 2000) causes the wind-driven ﬂow to occur simultaneously with the
Figure 6. Modeled signiﬁcant wave heights (Hm0) compared to measured signiﬁcant wave heights for the wave rider
(WR) and the available pressure boxes at stations b, e, and g (see Figure 1e for locations) for a 2-month simulation
(March and April 2015). The table provides the bias and the root-mean-square deviations (RMSD).
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Figure 7. Model results for a typical tidal cycle with mild wind conditions (5 March 2015; wind speeds smaller than 4
m/s). (a) The cross sections considered in this study, with their positive ﬂow directions. The instantaneous discharges per
unit width through these cross sections are shown in (b) for both the actual DEM (Digital Elevation Map) as for a
smoothed DEM of the shoal (colors match legend of [d]), with the time axis relative to the high water level timing. (c)
The tracks of the drogues released at the black dots during rising tide just before MWL for the actual DEM. (d) The same
tracks, but additionally, the tracks are shown for the simulation with the smoothed DEM. Black lines indicate elevation
contour lines (0.5 m distance). MWL = mean water level.
wave-driven ﬂow. Therefore, only the combined result of the wind- and wave-driven ﬂows is validated with
the measurement data.
Since March 2015, a wave rider measured wave characteristics south of the Roggenplaat. Furthermore, for 3
months (February—April 2015) threewave loggerswere deployed on the intertidal shoal (5 Hz, OSSI pressure
sensors). The locations of the instruments are indicated in Figure 1e. Figure 6 shows a comparisonbetween the
modeled and measured wave heights. Especially the higher wave heights are relatively well in line between
the model and the measurements. The quality of the model is considered good enough for the desired anal-
yses of this study (bias ranges between −1.5 and 5.1 cm and root-mean-squared deviations between 3.8 and
7.0 cm). Also, the peak periods of the waves are modeled in agreement with the wave logger measurements
(bias of −0.2 to −0.5 s and root-mean-squared deviations of 0.2 to 0.4 s). Deviations between the model and
measurements are not necessarily the result of model inaccuracies. The translation of pressure ﬂuctuations
measured near the bottom to wave heights will also induce inaccuracies (Bishop & Donelan, 1987).
3. Results
We assess the importance of the diﬀerent processes focusing on the intertidal zone of the shoal and on the
major tidal creek. First, we analyze themain driver of the ﬂowon the shoal, for a tidewithout substantial wind.
Figure 8. (a) High water level with respect to mean sea level for each computational cell averaged over the high waters
of the ﬁrst half of March 2015. Cells with a bed level higher than the lowest high water level were not considered (white
in the ﬁgure). (b) The diﬀerence in timing of the mean high water level with respect to a reference point (indicated with
the star). Black lines indicate elevation contour lines (0.5 m distance).
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Figure 9. Model results for a tidal cycle with a relatively strong wind
(1 March 2015; average wind speed of 11 m/s from SW). Both the drogue
tracks for a simulation with and without the wind forcing are shown. Black
lines indicate elevation contour lines (0.5 m distance).
Then, the focus is on a tide with strong wind speeds, to assess the conse-
quences of a wind event. To analyze the ﬂuctuations in the importance of
the processes over a year, scenarios were set up of full year simulations in
which the diﬀerent processes are included one by one. Finally, sediment
transport simulationswere run to assess the consequences of the diﬀerent
processes on the transport rates.
3.1. The Driver of the Net Flow on the Shoal Without Wind
Toanalyze thegeneral patternof theﬂowon the shoal, Figure7b shows the
discharges through a W-E and a N-S cross section (indicated in Figure 7a).
This is based on a model simulation of a single tide on 5 March 2015,
which is a representative tide for calmwind conditions, as thewind did not
exceed 4 m/s during the considered tidal cycle. The simulation with the
actual bathymetry shows that the ﬂow with rising water levels is mainly
directed to the SE, whereas already before HW the ﬂow turns toward the
NW. The discharge during the ﬁrst half of the tidal cycle is substantially smaller compared to the second half,
duringwhich high velocities lasted longer. Figure 7c shows that this net NWdischarge of water over the shoal
is well visualized by a simulation of drogues, released during rising water levels just before MWL (mean water
level). The drogues released in the tidal creek are initially steered in SE direction onto the shoal but thendriven
to the NW where they leave the shoal toward the northern channel. The drogues released at the southern
edge of the intertidal shoal are driven onto the intertidal area during the inundation phase and then also face
a net NWmovement with the strong ﬂow speeds occurring after HW.
The bathymetry of the intertidal shoal is characterized by two NW orientated tidal creeks which are sur-
rounded by relatively low regions compared to the rest of the intertidal area; see Figure 1e. To test whether
the net NWﬂow is a consequence of these NWorientated lower regions on the intertidal shoal, the simulation
is repeated for a fully ﬂattened and smoothed bathymetry of the intertidal area; the rest of the system is left
unchanged. Figure 7d shows the tracks of the drogues for both the actual bathymetry, and the ﬂattened and
smoothed one (height ofMSL+0.0m, equal to the average height of the actual bathymetry). Diﬀerences in the
pathways of the drogues between both simulations are visible (with the smoothed bathymetry the drogues
are less dispersive), but the net NW movement of all drogues is still clearly there. This is also expressed well
by the discharges through the cross sections for the smoothed bathymetry in Figure 7b. Also, diﬀerences are
visible here, mainly around or below MWL where the smoothed bathymetry fully submerges and especially
in the N-S transect where the tidal creek is part of. But also, the net NW movement is still strongly visible in
this ﬂattened and smoothed bathymetry. Therefore, the local bathymetry deﬁnitely aﬀects the detailed ﬂow
patterns, but it is certainly not the main cause for the net NW ﬂow on the intertidal shoal. Contrariwise, the
tidal creeks may result from the main ﬂow.
Without substantial meteorological inﬂuences, the ﬂow on the shoal is driven by water level gradients and
bed friction. A regular tidal analysis (e.g., Pawlowicz et al., 2002) is not possible for intertidal areas because
of discontinuous time series every tide. Instead, Figure 8a shows the spatial distribution of the average high
water levels over themodel domain. Apart fromproviding insights in the gradients on the shoal, such an anal-
ysis is suitable for this study as the timing of the NW ﬂow coincides with HW (see Figure 7). Although water
level gradients can also follow by spatial diﬀerences in the timing of the tides, Figure 8b indicates that these
diﬀerences in timing are limited (order of minutes) compared to the tidal period. Hence, the spatial distribu-
tion of the high water levels is a good indicator for the water level gradients around high water. Although not
everywhere with exactly the same direction, Figure 8a shows that the water level gradients on the shoal are
directed to the NW/NWW on the largest part of the area (mainly in the center and east part of the shoal). This
is in line with the net ﬂow direction over the shoal (e.g., Figure 7). The isolines of the highwater levels indicate
that the northwestern gradient is caused by diﬀerences in high water levels along the surrounding channels.
The diﬀerences in water level gradients in both surrounding channels originate fromdiﬀerences in the geom-
etry of both channels. The northern curved channel is substantially longer (11.5 km) and deeper compared
to the shorter (8 km) and almost straight southern channel (Figure 1f ). Diﬀerences in tidal propagation are
hence a necessary consequence, also because both channels are connected to each other and, therefor, have
a similar water level east and west of the shoal.
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Figure 10. Time series of water level elevation (a), depth-averaged ﬂow velocity magnitude (b), and direction (c),
modeled in the center of the eastern tidal creek (same location as the released drifters in Figure 9). Similar as in Figure 9,
the tide of 1 March is considered in a simulation with wind (average wind speed of 11 m/s from SW) and without wind.
In (c) the orientation of the channel axis is marked with the black dashed lines.
3.2. The Impact of a Single Wind Event on the Flow
To analyze whether the previous observations are also representative for days withmore severe wind speeds,
a tide that coincided with a strong wind is considered (1 March, wind speeds on average 11 m/s from SW).
Figure 9 shows the tracks of the drogues modeled both for a simulation with the actual wind climate and for
a simulation without any wind forcing. Although the tidal range of this speciﬁc tide is diﬀerent compared to
the previously considered tide, the tracks for the case without wind forcing are very similar to the results of 5
March which was characterized by limited wind speeds (compare Figure 9 to Figure 7c). However, when the
simulationwith the actual wind climate of 1March is considered, the drogue tracks are substantially diﬀerent.
With the inclusion of such a wind event, the main ﬂow on the shoal is well in line with the governing wind
direction (NE directed) and hence not in the NW direction as observed in cases without wind.
Figure 10 shows the ﬂow velocity through the eastern tidal creek for this tide of 1 March. Similar to Figure 9,
both a simulationwith andwithout the presence of the wind is considered, to assess the eﬀect of such awind
event on the depth-averaged ﬂow in a tidal creek. Apart from a very short period around high water slack,
the ﬂow in the creek is less aﬀected by the wind compared to the ﬂow on the shoal (Figure 9). Still, the wind
causes deviations in ﬂow velocities up to 10 cm/s during the considered tide. However, the peak velocities
in the creek are almost unaﬀected by the presence of the wind (<3 cm/s and <2∘ deviation), as these peaks
occur aroundMWL. AroundMWL, the intertidal area is not fully inundated, hindering a full ﬂow over the shoal
(see Figure 1e). Also, the direction of the ﬂow in the creek, aligned with the channel axis during substantial
ﬂow velocities, is only slightly aﬀected by the wind.
3.3. Fluctuations Over a Year
Previous sections have shown that the tides result in a net ﬂow in NW direction, but that wind can change
this pattern. To determine whether this modiﬁcation is a result of the surge, wind-induced shear stress, or
wave-induced ﬂow a set of simulations is carried out to unravel these contributions. A full year (2015) is simu-
lated, with each simulation diﬀerent processes enabled: (T) tide only; (T + S) tide and surge; (T + S + Wi) tide,
surge, and wind-induced shear stress; and (T + S + Wi +Wa) tide, surge, wind-induced shear stress, and wave
forces. Comparing the diﬀerent simulations, the added contribution of each process can be assessed. To visu-
alize the result, the net discharge through the cross-sections W-E and N-S (see Figure 7a) was determined per
tidal cycle and plotted as a function of the high water level of that tide in Figure 11.
First, only astronomical tidal signals were imposed on the boundaries of the model domain. In this case, a
possible surge was ﬁltered out by means of a tidal analysis (Pawlowicz et al., 2002) and wind and waves were
not imposed. Figure 11 shows always a positive ﬂux for the W-E cross section and a negative ﬂux for the N-S
cross section. This indicates a net discharge always directed to the northwest if the model is only enforced by
tides. Furthermore, an almost linear relationship is found between the high water level of each tide and the
net discharge over the shoal during that tide (R2 = 0.73 for the W-E cross section and 0.95 for the N-S cross
section). The results are very similar if the actual surge is imposed: a larger range of highwater levels coincides
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Figure 11. Net ﬂow discharges per tide through the (a) W-E and (b) N-S cross sections as deﬁned in Figure 7a. Every dot
represents the net discharge through the cross section versus the high water level (with respect to mean sea level) for
each single tide. Four diﬀerent simulations are considered with diﬀerent processes enabled: (T) tide only; (T + S) tide
and surge; (T + S + Wi) tide, surge, and wind; and (T + S + Wi + Wa) tide, surge, wind, and waves. Results are based on
simulations of the full year 2015.
with a larger range of net discharges. Still, the almost linear relationship holds (R2 = 0.87 for the W-E cross
section and 0.97 for the N-S cross section) and all considered tides have a net discharge toward the NW.
The results are substantiallymore scatteredwith the inclusion of thewind forcing (waves still omitted). For the
simulation with tides and surge, the standard deviation of the net discharge was 264 m3/m’/tide for the W-E
cross section and 800m3/m’/tide for the N-S cross section. With wind forcing, these increase to 936 and 1,596
m3/m’/tide, respectively. Thewind is capable of fully altering the direction of themain ﬂow, as also concluded
from Figure 9. The almost linear relationship no longer holds. The deviation from the simulation with only
tides and surge increases substantially for higher highwater levels, and for the highest highwater levels there
are even more tides with a net discharge to the east than to the west. This is due to the correlation between
wind speeds and water levels (through the wind-induced surge). Finally, the scatter increases slightly more if
also waves are included in themodel simulation due to wave-induced ﬂow. The standard deviation of the net
discharge equals now to 1,216 m3/m’/tide for the W-E cross section and to 2,051 m3/m’/tide for the N-S cross
section. Such a net wave-induced ﬂow is similarly observed for shallow reefs (Symonds et al., 1995). Because
waves aremainly locally generated in this area, the direction of thewave-induced ﬂow is generally in linewith
the direction of the wind-induced ﬂow.
The discharges of each individual tide are now related to the average wind speed of each tide for the simula-
tion including all processes in Figure 12, to better understand the scatter found in Figure 11. The scatter does
increase not only with higher high water levels (as observed in Figure 11) but also strongly with increasing
wind speeds. Together with themagnitude of the wind speed, the wind direction is another strong indicative
parameter for the discharge over the area (Figure 12).
Especially for large wind speeds, the ﬂow over the shoal is driven by thewind. The net discharge is directed to
the NW for all considered tides with a wind speed smaller than 7m/s, whereas the net discharge is directed to
the NE for all considered tides with awind speed larger than 13m/s. The limited variation in net ﬂowdirection
during high wind speeds (e.g., no net western ﬂow for high wind speeds) is a consequence of the local wind
climate. SW is namely theonly directionwhere these strongwindsoriginated from in2015 (see Figure 1b). Still,
there were some tides with moderate winds from the NW for which the net northward ﬂowwas substantially
reduced or even a net SE directed ﬂow was the result.
In conclusion, the wind results in surge, wind-induced ﬂow, and wave-induced ﬂow. Although there is a rela-
tion between the high water level and the discharge over the shoal, it is especially the wind-driven ﬂow that
is responsible for the ﬂuctuations in the net ﬂow over the considered year.
3.4. Implications of the Diﬀerent Processes on the Sediment Transport Rates
So far,we focusedon the importanceof local bathymetry and thediﬀerent forcingmechanismson the residual
ﬂowover the shoal. Now, the focus is on the impact of eachof theseprocesses on the sediment transport rates.
We consider an individual tide, to rule out the complexity induced bywind speeds and directions changing all
year long. Again, the tide of 1 March is considered which was characterized by relatively strong wind speeds
(on average 11 m/s from the southwest; see Figure 9).
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Figure 12. Net ﬂow discharges per tide through the (a) W-E and (b) N-S cross sections as deﬁned in Figure 7a. Every dot
represents the net discharge through the cross section versus the average wind speed for each single tide. The colors
indicate the direction of the wind for each tide. Results are based on a simulation of full 2015 including all processes
(tide, surge, wind, and waves). The dashed line represents the yearly averaged tidal discharge.
In Figure 13, the net sediment transport rates on the shoal are shown (with the Van Rijn, 2007a, 2007b, trans-
port model), for simulations with the inclusion of all processes and also with the exclusion of waves, wind, or
surge. The main transport is in NE direction for the simulation with all processes (Figure 13a). This is in line
with the prevailing wind direction. For the higher regions of the shoal, a consequential NE propagation of the
bed proﬁle can be deduced by the increasing transport rates at the stoss side and decreasing transport rates
on the lee side of those high elevated regions (especially visible around RDx = 47 km and RDy = 410.5 km).
The bed level changes are, namely, the direct result of the divergence in the sediment transport ﬂuxes. There
is a substantial spatial variability in hydrodynamic forcing and hence in sediment transport present over the
intertidal shoal. At the edges of the shoal, the largest transport rates are observed as a consequence of the rel-
atively high ﬂow velocities and the substantial wave breaking processes. In the creek, the net transport rates
are substantially smaller during this wind event.
If waves are disabled (Figure 13b), the net transport rates on the intertidal shoal are several orders of magni-
tude smaller (also orders ofmagnitude smaller compared to the rates in the creek). This implies that waves are
crucial for the sediment transport on this intertidal area. In contrast to the wind, apart from a ﬂow, waves also
induce (as visualized in Figure 11) additional stirring of the sediment by velocity ﬂuctuations near the bed.
However, this does not imply that the other processes are irrelevant. In fact, the sediment transport rates on
the shoal are highly reduced if thewind is disabledwhilewaves are still imposed (Figure 13c). Thewind itself is
Figure 13. Mean total transport rates (bed load + suspended load) in the intertidal zone of the shoal for (a) including all
processes, (b) excluding only waves, (c) excluding only wind, and (d) excluding only the surge for a tidal cycle with a
relatively strong wind (1 March 2015; average wind speed of 11 m/s from SW). Only the transport rates on the shoal (for
bed elevations higher than 2 m below mean water level, i.e., slightly below mean low water) and within the tidal creeks
(all depths) are visualized to improve clarity. For the same reason, only 1/36th of the modeled arrows are shown.
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Figure 14. The net total (bed load + suspended load) sediment discharge for each tide as a single dot versus the high
water level for each single tide in (b), for a W-E cross section in the eastern tidal creek as indicated in (a). Similar to
Figure 11, four diﬀerent simulations of the full year 2015 are considered with diﬀerent processes enabled: (T) tide only;
(T + S) tide and surge; (T + S + Wi) tide, surge, and wind; and (T + S + Wi + Wa) tide, surge, wind, and waves. For each
simulation, the water level (c), depth-averaged ﬂow velocity magnitude (d), velocity direction (e), and total sediment
transport magnitudes (f ) are visualized for the deepest point of the cross section for the tide of 30 September as marked
also in (b). In (e) the orientation of the channel axis is indicated with the black dashed lines.
hence an important ampliﬁer of the sediment transport ratesby aﬀecting theﬂowon the shoal.When similarly
only the surge is not considered (Figure 13d), the transport rates are also slightly reduced but substantially
less compared to the case without wind.
The major tidal creeks on the intertidal area are characterized by lower bed levels (around MWL-5 m) and
consequently larger depths than on top of the shoal. Therefore, the relative importance of the tide, wind,
and wave processes for the sediment transport rates is not necessarily the same for these creeks as for the
shoal. Figure 10 already showed that ﬂow velocities in the eastern creek are hardly aﬀected by wind events.
To test the importance of the diﬀerent processes for the sediment transport rates in the eastern tidal creek,
the sediment transport rates through a cross section are analyzed in Figure 14.
If only the tidal forcing is imposed (Figure 14b), the net sediment transport direction in the creek is mainly
directed to the north for relatively small high water levels andmainly directed to the south for relatively large
high water levels. More importantly, the net transport rates are highly diﬀerent if the surge is also included
now. For similar highwater levels, thenet transport rates canbeanorder ofmagnitude larger. Althoughhigher
highwater levels result in a larger variation in the net transports, the highwater level does not provide a direct
relation with the magnitude of the net sediment transport rates itself. The spread changes slightly when also
thewindor both thewind and thewaves are included. But this is ofminor importance compared to the impact
of the surge on the sediment transport rates.
The hydrodynamics and sediment transport in the center of the cross section are analyzed in more detail for
a single tide in Figures 14c–14f. The focus is now on the tide of 30 September, as it is a good example of a
tide with much higher net sediment transport rates if all processes are considered compared to the tide-only
simulation,more than a factor of 7 diﬀerence (see Figure 14b). This tidal cycle is characterized by awind speed
of 6 m/s from ENE direction. First, Figure 14c indicates a setdown in the estuary of 0.35 m for this speciﬁc
tidal cycle. Nevertheless, the peak ﬂood velocity is larger with the inclusion of the surge/setdown (Figure 14d)
which imposed signiﬁcantly larger magnitudes of ﬂood sediment transport rates (Figure 14f ). These larger
peak velocities are the direct consequence of the faster rising rate of the water level around MWL when the
surge is included (Figure 14c), the surge aﬀects hence the asymmetry of the tidal wave. Because the surge
imposes a setdown, the timing of the ﬂow velocity and sediment transport peaks is altered, but Figure 14e
indicates that the direction of the ﬂow is still in line with the channel axis. Only around slack water, some
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Figure 15. Quantiﬁcation of the role of meteorological processes on the sediment transport rates on the shoal, based
on a full year simulation including all processes. (a) The distribution of wind speed. The percentage of the cumulative
sediment transport magnitude, in which the tides are sorted by the wind speed, is presented for the actual bathymetry
in (c) as a function of the percentage of the tides and in (d) as a function of the wind speed. The same is presented in (e)
and (f ) after lowering the shoal with 1 m (only original cells above MWL-2 m). Panel (b) visualizes for the actual
bathymetry the percentage of the cumulative transport magnitude that is generated by the 50% least windy tides,
matching the vertical dotted line in (c) and (e). Furthermore, (b) also visualizes the location of the observation points of
the other graphs, in line with Figure 1e.
deviations in direction are visible, but these are with the low velocities irrelevant for the sediment transport.
The inclusion of wind, even together with the waves, does not imply any consequences for the sediment
transport rates in these deep parts of the creek, in linewith the alreadyminor impact of a stronger wind event
in Figure 10 on the hydrodynamics in the creek.
Figures 15c and 15d quantify the relative importance of the wind and waves on the cumulative transport
magnitude at various locations for a simulation of a full year. In line with Figure 14, the wind andwaves hardly
aﬀect the transport in the creek. Contrarily, the transport rates on the largest part of the intertidal shoal are
strongly dominated by the wind and waves as the tides with the 50% lowest wind speeds (<5.5 m/s) only
explain∼1–10% of the yearly transport (see also Figure 15b). These tides determine only 3% of the transport
at point a (exposed edge of the shoal). At point i (sheltered edge of the shoal) wind and waves are slightly
less important as these tides determine still 14% of the transport. Further away from the channel and for
higher elevations, the relative importance of thewind andwaves increases (points j and k). The largest relative
dominance by the wind and waves is found for the highest elevations at the center of the shoal, for example,
at point h less than 2% of the sediment is transported by the tides with the 50% lowest wind speeds.
To test how sensitive the dominance of the meteorological processes is to the height of the shoal, we low-
ered the shoal 1 m. This is roughly half the tidal amplitude (i.e., cells around MWL became roughly MLW),
and only cells that were above MWL-2 m are lowered. Figures 15e and 15f show the cumulative sediment
transport for this lowered shoal. After the lowering, the meteorological forcing is still essential for the shoal.
The creek is still tide dominated. The transport processes at point a, which is highly exposed to wave attack,
are slightly less dependent on the extreme meteorological conditions. The water depth is larger, and waves
are therefore less eﬀective. Point i is more inﬂuenced by extreme wind conditions. The shoal is longer
DE VET ET AL. 2475
Journal of Geophysical Research: Earth Surface 10.1029/2018JF004605
submerged, andwind can therefore play a role over a longer period. The simulationswith the real bathymetry
and the lowered shoal show that the exact bed level is not essential for the dominance of the wind. Wind
dominance on tidal shoals can therefore be expected for a variety of shoals and is not only important on the
Roggenplaat.
In conclusion, the combination of waves and wind determines the sediment transport rates in the intertidal
zone of the shoal. Contrarily, the rising and falling rate of the water level determines the transport rates in the
deep creek. There is hence a major spatial variability in the importance of the diﬀerent processes.
4. Discussion
Hydrodynamic processes on an intertidal shoal appeared to be a complex outcome of tidal and meteorolog-
ical (i.e., surge, wind, and waves) forcing mechanisms that strongly vary over time and space. Therefore, to
understand sediment transport on such an intertidal shoal, the importance of each of these processes has to
be considered both in space and time.
4.1. Temporal Variations
The relative importance of the diﬀerent hydrodynamic forcing mechanisms varies on diﬀerent timescales.
First, the ﬂow on an intertidal shoal is diverse in magnitude and direction over an individual tidal cycle, still
with a clear dominant net direction (e.g., Figure 7). Second, spring-neap variations cause variations in the
magnitude of the ﬂow over the shoal while leaving the orientation of the net ﬂow unchanged (Figure 11).
Other time ﬂuctuations are related to meteorology. Meteorological events have a direct impact on the water
level setupwithin the estuary, thewind-drivenﬂow, and thewave-drivenﬂow.Awater level setuphas a similar
consequence as a higher astronomical high water level (Figure 11): an ampliﬁcation of the magnitude of the
ﬂowwithout a substantial change in directions. In contrast, the locally generatedwind- andwave-driven ﬂows
can alter both the magnitude and the direction of the ﬂow on the shoal.
These, partly independent, temporal ﬂuctuations shall have consequences for the long-term evolution of
intertidal shoals. As sediment transport on the relatively sandy Roggenplaat takes place especially during
energeticmeteorological events (Figure 15), as also observed on other intertidal areas (e.g., Green et al., 1997;
Van derWerf et al., 2015), those events are likely fundamental for themorphological evolution of such a shoal.
In strong contrast to astronomical ﬂuctuations, these meteorological events are not deterministic. Still, the
wind climate (Figure 1b) provides important insights in the long-term fate of an intertidal shoal. Meteorolog-
ical events capable of altering the ﬂow (Figure 9) are not rare for the Roggenplaat area: 12.5% of the time
wind speeds exceeded 10 m/s in 2015. Furthermore, these events have a clear dominant direction, well in
line with the historical net propagation of the creeks and the bed features on the shoal. Still, the impact of
individual meteorological events depends on the timing of these with respect to other time ﬂuctuations (e.g.,
timingwithin an individual tidal cycle andwithin the spring-neap cycle). The existence of those diﬀerent time
ﬂuctuations provides direct challenges for long-termmodeling studies, in which simpliﬁcation of the forcing
mechanisms (e.g., meteorological climate) is required to save computational times.
4.2. Spatial Variations
The relevance of the diﬀerent processes varies strongly on the shoal. It is shown that especially the tide and
the surge dominate the ﬂow velocities and sediment transport in the tidal creeks. The orientation of the
tidal creeks is well aligned with the net ﬂow over the shoal imposed by the tide and the surge. Similar to
cross-connecting channels (Swinkels et al., 2009), diﬀerences in the tidal wave propagation, dependent of
the geometry of the surrounding channels (e.g., Figure 1f ), are found to drive the ﬂow direction. The shape
of the tidal wave is crucial for the velocity in the creeks, speciﬁcally the fastest rising and falling rates. Wind
andwaves are only ofminor importance in the creeks because of the relatively large water depths (to exclude
depth-induced breaking of waves, i.e., ∼2 times the maximum signiﬁcant wave height in the creeks) and
large ﬂow velocities (characteristic peak ﬂow in the considered creeks is ∼1 m/s which dominates over the
wind-driven ﬂow), in contrast to what was found on the shoal. Still, storms might aﬀect the creeks when sed-
iments transported on the shoal get trapped in the creeks. In this case the creeks will migrate in line with
themain sediment transport direction on the shoal, as a consequence of gradients in sediment transport. On
the shoal, the tide and surge are also relevant for the hydrodynamics during calm weather conditions. How-
ever, the wind and waves during energetic meteorological events are clearly the dominant processes for the
sediment transport in the intertidal zone of the shoal. Under calm weather conditions, the ﬂow velocities on
the shoal are too small to induce substantial sediment transport rates, as waves are crucial for stirring the
sediment.
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Apart from a distinction between the creeks and the intertidal zone of the shoal, also, over the shoal itself dif-
ferences in the importance of the processes are present. As the net ﬂow is a consequence of the geometry of
the surrounding channels, it depends on the location on the shoal on how strong this gradient is and inwhich
direction this is precisely pointed. Speciﬁcally for the Roggenplaat, Figure 8a indicates that this gradient is
especially predominantly NW orientated on the center and east side of the shoal. On the west part, the gradi-
ents aremore orientated to thewest, as thewater levels in the surrounding channels aremore aligned around
there. Also, the contribution of waves is not homogeneous over space for intertidal areas (also stressed by
Green & Coco, 2014). A large fraction of the wave dissipation occurs at the edges of the intertidal area, impos-
ing relatively large transport rates locally there, which coincides for the Roggenplaat with the region which
faced the main erosion over the past (Figures 2 and 13d). The high-resolution output of the model allows for
a spatial decomposition of the shoal in various zones. Figure 15b visualizes the percentage of the cumula-
tive transport magnitude that is generated by the 50% least windy tides for each cell. In combination with
Figure 13, and in linewith the analyses of the points in section 3.4, various zones are identiﬁed: (1) tidal creeks,
which are strongly tide dominated; (2) high ridges on the shoal with transport mainly during meteorological
events; (3) exposed side (southern edge), which is wave dominated; (4) sheltered tide-dominated side (W/NW
of the shoal), which is sheltered and only tide dominated; and (5) sheltered wind-dominated side (E/NE of the
shoal), which is not exposed to waves and mainly inﬂuenced by wind-driven ﬂow.
4.3. General Indicators
This study unraveled the relative importance of the processes for the Roggenplaat in detail. The insights are
applicable beyond this speciﬁc case. For example, this holds for the crucial combined role of wind and waves
on intertidal shoals. Morphodynamic studies, which do not consider these processes at all (e.g., Dam et al.,
2016; Van de Lageweg & Feldman, 2018), hence have a limited predictive capacity on the intertidal shoals.
This especially holds for the higher parts of the shoals. Furthermore, the insights on the driving mechanisms
for the ﬂow and sediment transport result in general indicators for other shoals. These are especially valuable
if data are limited.
We suggest that by considering several basic indicators, the large-scale hydrodynamics and sediment trans-
port on an intertidal shoal can be understood qualitatively without the need of thoroughmodel simulations.
First, geometrical features visible on satellite imagery indicate the orientation of the main ﬂow on a shoal
during mild wind conditions. The orientation of major tidal creeks is a good indicator for the main ﬂow direc-
tion as meteorological events are of less importance for the orientation of these creeks. Also, the diﬀerence
in length between the surrounding channels and their shape is, through the resulting water level gradients,
indicators of themain ﬂow. Second, a local wind rose can indicate a dominant transport direction for the high
elevations of a shoal, as the transport rates on these high areas are highly aﬀected by wind events and the
related waves. Strong indications follow especially if a clear dominant wind direction is present.
To determine whether wind is important on tidal shoals, we make a ﬁrst-order estimate. We consider the
one-dimensional depth-averagedmomentumequation and start for awind-only situation (no tides). For shal-
low water, weak ﬂow gradients, and limited temporal gradients, we can neglect the time variation of the
velocity and the advective part of the momentum equations and reach a balance between three terms:
𝜌wgd
𝜕h
𝜕x
− 𝜏wind + 𝜌wcf u |u| = 0 (1)
where𝜌w is thedensity ofwater,g thegravitational acceleration,d thewater depth,
𝜕h
𝜕x
thewater level gradient,
𝜏wind the wind shear stress, cf the dimensionless friction coeﬃcient, and u the ﬂow velocity. If we simplify this
equation further by neglecting the pressure gradient term, we get a balance between the wind shear stress
and the bed shear stress. Such a simpliﬁcation is possible if the wind cannot result in an extra buildup of a
pressure gradient. This is approximately the case for a shoal surrounded by channels, in which the return ﬂow
in its surrounding channels does not accommodate the pressure gradient buildup. Similarly, such pressure
gradient cannot build up along an alongshore uniform fringing ﬂat. Approximating the simpliﬁed balance
between the wind shear stress and the resisting friction force with typical values (wind drag coeﬃcient CD
ranges between 0.001 and 0.002 for wind speeds 10 m from the surface U10 of 5–20 m/s, an air density 𝜌a of
1.23 kg/m3, and cf of 0.003) leads to the following:
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0 = 𝜏wind − 𝜌wcf u|u| = 𝜌acDU10|U10| − 𝜌wcf u|u| (2)
U10 =
√
𝜌wcf
𝜌acD
u (3)
U10 ≈
√
1000 ⋅ 0.003
1.23 ⋅ 0.0015
u ≈ 40 u (4)
This factor of 40 is a ﬁrst-order estimate of the wind-only velocity and should be considered with care. It is
not intended as a predictor of the precise wind-driven ﬂow velocity, as the resulting velocity is not simply
the sum of the tide-only velocity and the wind-only velocity (see equation (1)). However, if the wind-only
velocity is in the same order as (or especially if even larger than) the tide-only velocity, then the wind-only
velocity deﬁnitely makes a signiﬁcant contribution to the resulting velocity. Therefore, it is a simple indicator
to determine for a shoal (or fringing ﬂat in alongshore direction), based on thewind speed and the governing
tidal velocity, whether wind is an important process to be considered. The results of the Roggenplaat showed
that the factor of 40 is in the right order of magnitude. For this shoal with typical tidal velocities of 0.25 m/s
(e.g., Figure 5), wind speeds in the order of 10 m/s and higher were suﬃcient to modify the net ﬂow patterns
substantially; see Figures 9 and 12.
Every intertidal area is unique; still its uniqueness is the result of the same processes. The relative importance
of the wind and waves on the sediment transport rates for other shoals depends on local characteristics (also
sediment grain size), just as it also varies spatially over a single tidal shoal (e.g., Figure 15). In general, the
larger the impact of wind and waves on the sediment transport rates, the further the curve in Figure 15c
will be positioned to the bottom right corner, while tide-dominated areas will result in straighter lines in this
graph. The latter holds for tidal creeks or edges of the shoal which are sheltered from waves but subject to a
strong forcing from the channel. Shoals that inundate every tide allow the wind to alter the direction of the
ﬂow in any direction. In case a land boundary is present (i.e., for fringing ﬂats), the degrees of freedom for the
net ﬂow direction are reduced. For such fringing ﬂats, an alongshore pressure gradient in the channel or an
alongshore directed wind stress will still aﬀect the ﬂow, similarly as shown in this study for an intertidal shoal.
On intertidal shoals surrounded by channels with limited tidal ﬂow velocities, smaller than several decimeters
per second as on the Roggenplaat, only minor winds are required to aﬀect the ﬂows (e.g., Christiansen et al.,
2006). But even for intertidal areas with large tidal ﬂow velocities, there are phases in each tidal cycle during
which strong winds will control the ﬂow, for example, during slack water. Therefore, we emphasize that the
wind should generally be included in (modeling) studies on intertidal areas.
5. Conclusions
In the absence ofwind, the net ﬂowon an intertidal shoal surrounded by channels is primarily driven bywater
level gradients between its surrounding channels. These water level gradients depend on the geometry of
these channels. The local bathymetry of the shoal and its tidal creeks inﬂuences the local details of the ﬂow
patterns. The tidal creeks aremainly important for the inundation anddewatering of the shoalwhen thewater
level is rapidly changing and thewater depthon the shoal is limited. Higher highwater levels, for example, due
to spring-neap variations and storm surges, amplify the discharge over a shoal. Nevertheless, the rising and
falling rates of the water level dominate the variability of the ﬂow and transport in the creeks, not the height
of the high water level. Wind and waves do not substantially aﬀect the ﬂow and transport in such creeks.
Wind is a crucial driver for the hydrodynamics and sediment transport on the intertidal shoals surrounded by
channels. First, the wind-generated waves are key for the sediment transport in such environments. Second,
strong wind and waves impose a net ﬂow well in line with the governing wind direction. This is especially
the case if the wind speed exceeds about 40 times the typical tidal velocity (based on amomentum balance),
which occurs at least frequently around slack water. These two aspects indicating the crucial role of the wind
explain that the bed proﬁle on the shoal propagated in the main wind direction in the observations. There
are regions slightly less aﬀected by wind and waves, for example, the relatively sheltered edge of the shoal
with relatively high tidal ﬂow velocities and especially the deep tidal creeks. But the sediment transport on
the intertidal shoal is clearly dominated bywind andwaves, even in the less exposed areas of the shoal. In the
investigated case, only∼1–10%of the transport was induced by the 50% least windy tides on the largest part
of the shoal. Even an artiﬁcial 1 m lowering of the shoal (roughly half the mean tidal range) did not weaken
the dominance of the meteorological processes on the shoal, highlighting the generic importance of the
results. This emphasizes that the combination of waves and wind should always be considered in analyses
and simulations of intertidal shoals.
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